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Se estima que aproximadamente el 10% del cáncer de mama (CM) es hereditario. 
Mutaciones deletéreas en los principales genes responsables, BRCA1 y BRCA2, 
aumentan hasta 20 veces el riesgo de CM. Datos publicados (Sanz DJ et al 2010) 
muestran que un tercio de las mutaciones patogénicas afectan al procesamiento del pre-
ARNm por lo que sería un mecanismo relevante en la susceptibilidad a cáncer de 
mama/ovario hereditario. Los plásmidos reporteros de splicing, como pSPL3, son una 
herramienta de gran utilidad para el estudio del impacto en el splicing de una variante 
de ADN sin necesidad de una muestra del paciente. Hemos construido un minigen 
híbrido en un vector derivado de pSPL3 que contiene los exones 15-16-17-18-19 de 
BRCA1. Se comprobó que el minigen wild type producía el ARNm del tamaño 
esperado (893 nucleótidos) por lo cual era adecuado para la realización de ensayos 
funcionales de splicing de variantes de ADN candidatas. 
 
Se ensayaron funcionalmente 34 mutaciones previamente reportadas en pacientes con 
CM en los exones 16 y 17 de BRCA1 que fueron preseleccionadas con los programas 
NNSplice y HSF. Éstas fueron introducidas en el minigen wild type mediante 
mutagénesis dirigida y se realizaron los ensayos funcionales mediante transfección en 
células de tumor mamario MCF7 para identificar patrones anómalos de splicing. Estos 
resultados se compararon con los obtenidos a partir de linfocitos de pacientes portadoras 
de Castilla y León. Nuestros datos muestran que los minigenes híbridos constituyen una 
tecnología poderosa para la clasificación de variantes de ADN de significado clínico 
incierto. El objetivo final de estos estudios es incrementar el número de pacientes que se 
pueden beneficiar de las medidas preventivas; ventajas que se relacionan directamente 
con una mejor caracterización molecular de la enfermedad de estudio. 
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Introduction: Deleterious mutations in BRCA1 and BRCA2 increased up to 20-fold the risk of developing breast cancer. Previously published data of our group showed that a 
third part of pathogenic mutations affected pre-mRNA processing. Hence we investigated the impact on splicing of pre-selected variants listed in the international databases 
and correlated these results with those obtained in lymphocyte RNA of patients from Castilla y Leon (Spain). 
Methods: We followed a simple strategy consisting of bioinformatic analysis of DNA variants and splicing functional assays of hybrid minigenes. 
In the absence of efficient splicing vectors, we designed a new one based in pSAD, in order to create a minigene which contains five exons of BRCA1 (MGBR1 15-19). The 
minigene produced a wild type mRNA of the expected size (893 bp). We analyzed 90 DNA variants from different databases with bioinformatics software (NNSplice and Human 
Splicing Finder) and assayed them in the minigene. Variants that disrupted the splice sites, splicing enhancers or created silencers or alternative sites were selected. They were 
introduced by PCR-mutagenesis in the WT MGBR1 15-19. Mutant and WT Minigenes were transfected into HeLa and MCF-7 cells. RT-PCR was performed with specific vector 
primers and splicing outcomes were visualized and quantified by gel and fluorescent capillary electrophoresis in an ABI3130 sequencer. Finally, RT-PCR products were 
sequenced to characterize the splicing pattern.  
Figure 1. MGBR1 15-19. The construction of the minigene was performed in several steps: A) Amplification of exon and flanking 
intronic sequences by a high fidelity enzyme and PCR clean-up. B) Restriction enzyme digestion and ligation with the vector. C) 
Transformation of the DH5α strain and screening of bacterial colonies . D) Extraction of plasmid and sequencing. Five exons (and 
part of their flanking introns) of the BRCA1 gene were cloned into pSAD (minigene MGBR1 15-19). All intermediate minigenes and 
the final MGBR1 15-19 were transfected into HeLa cells (right). Results of MGBR1 15-17 and MGBR1 15-19 RT-PCR were visualized 
in agarose gel electrophoresis and sequenced. The wild type minigene produced a mRNA of the expected size (893 bp). 
HGVS nomenclature: Human Genome Variation Society, (http://www.hgvs.org/mutnomen); Source: BIC, The 
Breast Cancer Core Database; LOVD, Leiden Open (Source) Variation Database; UMD, Universal Mutation 
Database. 
Bioinformatics analysis: [-], disruption; [+], creation; nt, nucleotide; ESE, Exonic Splicing Enhancer; ESS, Exonic 
Splicing Silencer; SF2/ASF, SC35, SRp40 and SRp55 are SR proteins that bind ESE/enhancer motifs; hnRNP proteins 
bind ESS/silencer motifs. 
 
 
 
 
 
Results 
Figure 2. Example of splicing functional analysis of variants of BRCA1 by lymphocyte RT-PCR and minigene MGBR1 15-19.  
Results of  exon 16 and 17 mutations , sequences off RT-PCR products of two mutations assayed at minigene and transfected 
in HeLa. Electrophoresis gel with  products of  transfected mutant and wt minigenes, and products of CyL patient lymphocytes 
(c.4812 A>G mutation).  
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Table 1. Bioinformatics analysis of putative splicing variants of exons 16 and 17 of BRCA1. 
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 Ninety mutations of BRCA1 exon 16 and forty of exon 17 were collected 
from BIC and UMD databases and bioinformatically analyzed, twenty-
four of which were selected to evaluate splicing outcomes by functional 
assays (Table 1). 
 A Hybrid minigene with exons 15 to 19 (MGBR1 15-19) was constructed 
to carry out splicing functional assays (Figure 1). Mutant minigenes were 
also obtained by PCR-mutagenesis and sequence-confirmed.  
 Thirteen selected variants (54%) presented splicing aberrations (Table 1 
and Figure 2).  
 Interestingly, c.5044_47delinsT mutation of exon 17 led to three types 
of isoforms: wild type, exon 17 skipping, which was the most abundant 
isoform, and exon 17 skipping and IVS 17 retention. 
 Variant c.4676-1G>A of exon 16 mutation of the canonical acceptor 
splice site induced the use of an alternative acceptor site two nt 
downstream, in the first two nucleotides of exon 16 (Figure 2). 
Conclusions 
 Bioinformatics results are not enough precise to classify a mutation and 
a functional validation is strictly required. 
 Most variants with impact on splicing induced major anomalies and 
were predicted to generate premature stop codons, so that it is 
expected that they might be associated with increased risks for HBOC. 
 Hybrid minigenes are valuable tool to discriminate between benign 
polymorphisms and pathogenic mutations.  
 An important fraction of DNA variants of BRCA1/2 presents splicing 
aberrations that may represent a relevant disease-causing mechanism in 
HBOC.  
 
 
MUTACION (HGVS)1 ANÁLISIS 
BIOINFORMÁTICO2 
RESULTADO DE SPLICING3 
Ex_16  BRCA1  
c.4676-11A>G [-]BP; [+]ESS;[+]IIE Skipping ex 18+19 
c.4987+3G>C [-] putative donor site IVS 16 retention (65nt) 
c.4987+1G>A [-]putative dpnor site;         
[-]ESE; [+]hnRNPA1 
IVS 16 retention (65nt) 
c.4676-2A>G [+]hnRNPF; [-]SRP40 Alternative donor 
c.4676-1G>A [+]hnRNPF Alternative donor 
c.4823C>T [-]ESE; [-]PESE Alternative donor 
c.4837A>G [-]SF2;[-]SRp40 Alternative donor 
c.4952C>T [-]SF2; [+]IIE WT 
c.4812A>G  WT 
c.4956G>A [+]hnRNP A1;[-] SF2 WT 
Ex_17  BRCA1  
c.4987-40 G>C [-]BP WT 
c.4987-20 A>G [-]BP  WT 
c.4987-1 G>A (IVS16) [-]BP Skipping exon 17 
c.4992 C>T [+]ESS WT 
c.5030_5033del [+] ESS WT 
c.5044G>A [-] SF2/ASF (IgM-BRCA1);[-] 
SF2/ASF 
exon 17 skipping 
c.5045A>T [-] SF2/ASF (IgM-BRCA1);[-] 
SF2/ASF; [+] SRp55 
exon 17 skipping 
c.5044_5047delinsT [-] SC35; [-] SRp40; [+] 
SRp55; [-]3 SF2/ASF (IgM-
BRCA1) 
Skipping exon 17 
Exon 17 retention 
c.5054C>T  [-]2 SC35; [-]2 SRp40; [-] 
SF2/ASF (IgM-BRCA1); [-] 
SF2/ASF 
WT 
c.5057insC [-] SF2/ASF (IgM-BRCA1); [-] 
SC35; 2[-] SF2/ASF  
WT 
c.5062G>T [+] ESS WT 
c.5074G>T [+]6 ESS exons 17,18 y 19  Skipping 
c.5074+1 G>A [-] putative donor site Exón 17 skipping 
c.5074+6 C>G [+] acceptor site, [-] ESE, [+] 
hnRNPA1, [-] SF2/ASF 
WT 
c.5044_47delinsT 
